Abstract. Effects of Cd and Pb toxicity were investigated in sugar beet (Beta vulgaris L.) grown in hydroponics under growth-chamber-controlled conditions. Chemical speciation calculations were used to estimate the chemical species in equilibrium. Cd, used as chloride salt or chelated to EDTA, decreased fresh and dry mass of both root and shoot, and increased root/shoot ratios. Plants developed few brownish roots with short laterals. Cd decreased N, P, Mg, K, Mn, Cu and Zn uptake, and facilitated Ca uptake. Leaves of plants treated with 10 or 50 µM Cd-EDTA and 10 µM CdCl 2 developed symptoms of Fe deficiency. These symptoms included decreased leaf chlorophyll (Chl) and carotenoid concentrations, increased carotenoid/Chl and Chl a/b ratios, de-epoxidation of violaxanthin cycle pigments, and decreased photosynthetic rates and PSII efficiency. Plants treated with 50 µM CdCl 2 , however, had decreased growth but did not show marked leaf Fe-deficiency symptoms. All Cd treatments increased Fe(III)-chelate reductase activity in root tips, although Fe concentrations in shoots were similar to those found in control plants. Pb chelated with EDTA induced visual symptoms only at concentrations of 2 mM. Leaves of Pb-treated plants remained green and their edges were rolled inwards. Pb increased root fresh and dry mass with no changes in shoot mass, therefore increasing the root/shoot ratio. Changes in plant nutrient concentrations with Pb were only minor, although leaf Cu levels approached critical deficiency levels. No symptoms of Fe deficiency were apparent in leaves. Root tips of Pb-treated plants, however, had increased Fe(III)-chelate reductase activities.
Introduction
Heavy metals constitute a heterogeneous group of elements, including essential and non-essential ones. Some essential heavy metals are micronutrients, such as Mn, Fe, Cu, Zn and Mo, which play essential roles in plant biology. When micronutrient supply is limited, a range of effects occurs in plants, from growth inhibition to leaf bleaching (Marschner 1986) . When these metals are in excess their concentrations may become toxic and in many cases induce growth reductions and leaf chlorosis or browning (Marschner 1986 ). Other non-essential heavy metals, such as Cd and Pb, could be phytotoxic even at low concentrations (Vázquez et al. 1992) .
Cd accumulation in soils may come from different sources, including air pollutants and soil applications of commercial fertilizers, sewage sludge, manure and lime (McGrath et al. 1994; McLaughlin et al. 1996) . Cd is generally present in contaminated soils as free ions or easily soluble forms, and its mobility depends on the presence of chelating substances and other cations (Hardyman and Jacoby 1984) . The composition of nutrient solutions in which plants are grown considerably modulates heavy metal availability and effects on plants (Fodor et al. 1996) . Cd effects in plants include inhibition of seed germination and major reductions of growth, associated with Cd Abbreviations used: Chl, chlorophyll; C i , internal CO 2 concentration; DW, FW, dry and fresh weight, respectively; E, transpiration rate; FC-R, ferric chelate reductase; F m , F m ′, maximal Chl fluorescence yield in the dark and during energization, respectively; F o , F o ′, minimal Chl fluorescence yield in the dark and during energization, respectively; F p , F pl , maximal and intermediate Chl fluorescence during the Kautsky induction curve; FR, far-red; F S , Chl fluorescence at steady-state photosynthesis; F v , F v ′, F m -F o and F m ′ -F o ′, respectively; F v /F m , maximum potential PSII efficiency; g S , stomatal conductance; NPQ, non-photochemical quenching; PAR, photosynthetically active radiation; P N , net CO 2 uptake rate per unit leaf area; PPFD, photosynthetic photon flux density; qP, photochemical quenching; V + A + Z, violaxanthin plus antheraxanthin plus zeaxanthin; Φ PSII , Φ exc , actual and intrinsic PSII efficiencies, respectively. accumulation in different plant parts (Lozano-Rodríguez et al. 1997) . Also, leaf chlorosis induced by Cd has been reported and attributed to a Cd-induced Fe deficiency (Wallace et al. 1992) . Indeed, Cd has been reported to reduce Fe concentrations in soybean (Smith et al. 1985) , sugar beet seedlings (Greger and Lindberg 1987) , lettuce (Thys et al. 1991) and maize (Siedlecka and Baszynski 1993) . Also, Cd has been shown to promote formation of transfer cells in bean roots (Vázquez et al. 1992) , a typical response of plants to limited Fe supply. Other effects of Cd on plant nutrition have been observed, including decreases in water content (Barceló and Poschenrieder 1990) and changes in K, Mg and Ca uptake (Greger and Lindberg 1987; Greger et al. 1991) .
Pb contamination originates from industrial activities such as metal mining and smelting, and automobile use. Since Pb is strongly held in soils by minerals and organic matter compounds, uptake and translocation of Pb by plants is largely influenced by chelates present in the culture media (Vassil et al. 1998) , whereas other compounds such as oxalate reduce Pb bioavailability, possibly through Pb oxalate precipitation (Yang et al. 2000) . Pb inhibits root growth (Fodor et al. 1998) and affects general plant metabolism (Huang et al. 1974) . Pb has also been reported to decrease shoot Fe concentrations (and also those of other micronutrients such as Mn, Cu and Zn) (Fodor et al. 1998; Cseh et al. 2000) . Pb also affects the water status of plants, possibly through effects on water channels (Cseh et al. 2000) .
Little is known about Cd and Pb transport in plants (Kochian 1991; Alcántara et al. 1994; Clemens 2001; Hall 2002) . Cd enters plant cells through plasma membrane transporters (Meharg 1993 ) that import essential cations (Clemens et al. 1998; Cohen et al. 1998; Hart et al. 1998) . Uptake of both Cd and Fe occurs constitutively in Arabidopsis via members of a plant metal transporter family with homology to Nramp genes that are inducible by Fe starvation (Thomine et al. 2000) . Fe deficiency could stimulate Cd uptake (Awad and Römheld 2000) . Fe-efficient soybean cultivars are less Cd sensitive than Fe-inefficient cultivars (Smith et al. 1985) , suggesting that Fe-efficiency mechanisms may improve Cd tolerance. Also, plasma membrane Zn/Cd transporters (encoded by ZNT1) have been reported in Thlaspi caerulescens, a Zn/Cd-hyperaccumulating species (Pence et al. 2000) . Long distance transport of Cd has been studied very little, although it has been reported that it may be associated with other molecules (Cataldo et al. 1988 ) such as organic acids (White et al. 1981; Senden and Wolterbeek 1990) . Pb is generally thought to be quite immobile unless it is in chelated form, and could be transported as Pb-EDTA through the xylem of Brassica juncea plants (Vassil et al. 1998) .
The aim of this work was to investigate the effects of Cd (in inorganic form or chelated to EDTA) and Pb (chelated to EDTA) on the photosynthetic characteristics, growth and nutrient compositions of different parts of the model plant species sugar beet (B. vulgaris). The purpose is to establish a basis for studies on mechanisms of heavy metal transport in this model plant species.
Materials and methods

Plant material
Sugar beets (Beta vulgaris L. hybrid Monohil; Hilleshög, Landskröna, Sweden) were grown in a growth chamber. Seeds were germinated and grown in vermiculite for 2 weeks. Seedlings were grown for two more weeks in 3/8-Hoagland's nutrient solution with 45 µM Fe. Plants were then transplanted to 20-L buckets (four plants per bucket) containing 1/2-Hoagland's nutrient solution with 45 µM Fe and different concentrations of Cd or Pb. Treatments were 10 and 50 µM CdCl 2 , 10 and 50 µM Cd-EDTA, 10 and 50 µM PbCl 2 , and 10, 50, 500, 1000 and 2000 µM Pb-EDTA. The pH of the nutrient solutions was measured every 2-3 d, and adjusted to 5.5 with diluted HCl if necessary. Fe was added as NaFe(III)-EDTA (Sigma, St Louis, MO, USA). Plants were grown at a photosynthetic photon flux density (PPFD) of 250-300 µmol m -2 s -1 at 25°C, 80% relative humidity and a photoperiod of 16 h light /8 h dark. Plants were used for measurements 7-10 d after imposition of heavy metal treatment. Young, completelyexpanded leaves were used for all photosynthetic measurements.
Chemical speciation
MINTEQA2 software (US Environmental Protection Agency, Washington DC) was used to perform chemical speciation calculations for the different ionic species in nutrient solutions.
Growth parameters
Plants were divided into three fractions, shoot (leaf blades plus petioles), main root and fine absorption roots. Fresh (FW) and dry weights (DW) of each fraction, root /shoot ratios and water content per unit DW were also determined.
Mineral nutrient analysis
The mineral composition of each plant fraction was determined as described previously (Abadía et al. 1985) . Roots were thoroughly washed, first with deionized water, then with slightly acidified deionized water (deionized water with a few drops of HCl), and finally with deionized water. No specific treatments to remove elements present in the root apoplast were carried out. Samples were dried in an oven at 60°C. N was determined with a NA2100 Nitrogen Analyser (ThermoQuest, Milan, Italy). Samples were dry-ashed and dissolved in HNO 3 and HCl following the AOAC procedure (Association of Official Analytical Chemists, Washington DC, USA). Ca (after La addition), Mg, Fe, Mn, Cu and Zn were determined by flame atomic absorption spectrometry, K by flame emission spectrometry and P spectrophotometrically by the molybdate-vanadate method.
Cd and Pb analysis
Samples were treated and analysed using standard procedures (Lozano-Rodríguez et al. 1995) . Results were expressed as µg Cd or Pb g -1 DW.
Fe-reductase activity measurements
Ferric chelate reductase (FC-R) activity was measured in sugar beet root tips as described by Gogorcena et al. (2000) , by following formation of the Fe(II)-BPDS 3 complex from Fe(III)-EDTA. FC-R activity was determined in sugar beet plants 7-10 d after addition of heavy metals to the nutrient solution. Root tips were harvested after 2-3 h of growth-chamber illumination. Between three and ten root tips (0.5-1 cm long, total weight approximately 6 mg) were incubated in an Eppendorf tube in the dark with 1 mL of 10 mM MES (pH 6.0) containing 400 µM bathophenanthroline disulfonate and 500 µM Fe(III)-EDTA. Readings were carried out at 535 nm after 8-10 min of incubation and centrifugation.
Photosynthetic pigment analysis
The concentration of Chl per unit area was estimated in attached leaves using a SPAD portable apparatus (Minolta Co., Osaka, Japan). For calibration, leaf discs were first analysed with the SPAD apparatus, then frozen in liquid N 2 . Pigments were extracted with 100% acetone in the presence of Na ascorbate, and extracts were analysed spectrophotometrically. Photosynthetic pigments were also quantified by HPLC.
Gas exchange measurements
Measurements were made on attached leaves in the growth chamber with a portable gas exchange system (CIRAS-1; PP Systems, Hertfordshire, UK) using a PLC broad leaf cuvette in closed circuit mode. Transpiration rate (E), stomatal conductance (g s ), net photosynthetic rate (P N ) and internal CO 2 concentration (C i ) were recorded during measurements. Experiments were made at ambient CO 2 concentration and relative humidity prevailing in the growth chamber. All measurements were taken in leaves illuminated for 3-4 h.
Chlorophyll fluorescence transients in the ms-s time domain
Continuous Chl fluorescence measurements in the ms-s time domain were made in intact, attached leaves at 25°C. The experimental set-up and measurement protocol have been described elsewhere (Morales et al. 2000) . Leaves were dark-adapted for 30 min, then illuminated for 1 min with far-red (FR) light (7 µmol photons m -2 s -1 obtained with a RG715 Schott filter; Mainz, Germany) and maintained again in the dark for 1 min before fluorescence measurements were made. Actinic light intensity was 150 µmol photons m -2 s -1 at leaf level. Two different Chl fluorescence parameters were measured in dark-adapted leaves: F v /F p , which provides an estimation of the maximum potential PSII efficiency, and (F pl -F o )/F v , which measures the proportion of variable fluorescence leading to the F pl point in the Kautsky induction curve.
Modulated chlorophyll fluorescence analysis
Modulated Chl fluorescence measurements were made in attached leaves in the growth chamber with a PAM 2000 fluorometer (Walz, Effeltrich, Germany). F o (minimal Chl fluorescence yield in the dark) was measured by switching on the modulated light at 0.6 kHz (PPFD was less than 0.1 µmol photons m -2 s -1 at the leaf surface). F m (maximal Chl fluorescence yield in the dark) was measured at 20 kHz with a 1-s pulse of 6000 µmol photons m -2 s -1 of white light. The experimental protocol for analysis of Chl fluorescence quenching was as in Morales et al. (2000) and references therein. 
Results
Chemical speciation
In the CdCl 2 treatments, the major calculated Cd chemical species in solution was free Cd 2+ , predicted to account for 84-85% of total Cd (Table 1 ). Approximately 7% of total Cd would be in the form CdSO 4 0 . In the case of Cd-EDTA, the undissociated complex Cd-EDTA 2-would account for approximately 86 (10 µM) and 96% (50 µM) of Cd added, with only 12 (10 µM) and 3% of the total metal (50 µM) being present as Cd 2+ . Therefore, estimated free Cd 2+ concentrations were 8.4, 42.6, 1.2 and 1.6 µM in the 10 µM CdCl 2 , 50 µM CdCl 2 , 10 µM Cd-EDTA and 50 µM Cd-EDTA treatments, respectively.
With 2 mM Pb-EDTA, 99% of total Pb was predicted by the speciation software to remain as the undissociated complex Pb-EDTA 2-, whereas less than 1% would precipitate with phosphate (Table 1) . Free Pb 2+ was predicted to be very low with 2 mM Pb-EDTA (Table 1) . Conversely, when using PbCl 2 , most of the Pb (91-98%) was predicted to precipitate as phosphate, with only 3.7 and 0.8% remaining in solution as free Pb 2+ with 10 and 50 µM PbCl 2 , respectively (Table 1) . Indeed, adding PbCl 2 to the nutrient solution caused immediate formation of a white precipitate cloud.
Heavy metal concentrations in sugar beet
Sugar beet plants had high Cd and Pb concentrations when grown in the presence of these metals (Fig. 1) . The highest Cd concentrations in fine roots were attained with 50 µM Cd-EDTA (1300 µg Cd g -1 DW), and in shoots and the main root with 50 µM CdCl 2 (450 and 300 µg Cd g -1 DW, respectively). In fine roots, 10 µM Cd-EDTA and 10-50 µM CdCl 2 led to Cd concentrations of approximately 900-1000 µg g -1 DW. In shoots and the main root, in fine roots, shoots and main roots, respectively, with a total of approximately 3 mg Pb plant -1 . Therefore, 84% of Pb was allocated to shoots, 10% to fine roots and 7% to main roots.
Effects of heavy metals on growth
Cd in the nutrient solution reduced shoot mass more than root mass (Fig. 2) , the largest effects being obtained with 50 µM CdCl 2 . Shoot DW decreased significantly in all Cd treatments, whereas root DW was only affected significantly in fine roots treated with 50 µM CdCl 2 . Cd increased root/shoot ratios (not shown).
Both PbCl 2 and Pb-EDTA concentrations up to 1 mM had very little effect on plant growth (data not shown). Concentrations of 2 mM Pb-EDTA reduced fine root FW, and markedly increased both FW and DW of the main root (Fig. 2) , whereas changes in shoot FW and DW and fine root DW were not significant. Consequently, the root/shoot ratio of Pb-treated plants increased (not shown).
Plants treated with heavy metals contained less water than controls. Shoot and main root water content decreased markedly with 50 µM CdCl 2 relative to controls (Fig. 2) . The other three Cd treatments also decreased shoot and main root water content, whereas fine root water content did not change significantly or increased slightly. Plant water content also decreased with 2 mM Pb-EDTA.
Effects of heavy metals on nutrient concentrations
Cd decreased the tissue concentrations of several nutrients. N concentrations decreased with Cd, the largest effects being found with 50 µM CdCl 2 (Fig. 3) . P concentration also decreased in shoots and main roots following Cd treatment (especially at 50 µM CdCl 2 ), whereas it did not change significantly in fine roots. In response to Cd, Ca concentrations increased relative to controls only in shoots. Cd also caused decreases in Mg and K concentrations in shoots and the main root, but not in fine roots. Shoot increases in Ca and decreases in Mg have been reported before for small, Cd-treated sugar beet plants (Greger and Lindberg 1987) .
None of the Cd treatments affected shoot and main root Fe concentrations, whereas a significant increase in fine root Fe concentrations occurred with 50 µM CdCl 2 (Fig. 4) . In fine roots, Cd induced no significant changes in Mn and Zn concentrations, whereas Cu concentrations increased. Cd generally decreased Mn, Zn and Cu concentrations in shoots. In the main root, Mn and Zn concentrations decreased and Cu concentrations did not change.
Pb caused a slight but significant decrease in N concentrations in the main root, and significant P and K concen- tration decreases in shoots, whereas Ca and Mg concentrations did not change significantly in any plant part (Fig. 3) . The only significant changes found in micronutrient concentrations were a Zn decrease in shoots and the main root, and a Cu decrease in shoots (Fig. 4) .
Effects of heavy metals on root Fe(III)-chelate reductase activity
Roots of sugar beet became dark when grown with Cd (not shown). Heavy metals induced increases in the FC-R activity of sugar beet root tips (Table 2) . Activities increased 2.3-and 3.0-fold with 10 and 50 µM Cd-EDTA, and 3.3-and 4.1-fold with 10 and 50 µM CdCl 2 , respectively. Pb (2 mM Pb-EDTA) also increased FC-R activities 2.3-fold, although the difference from controls was not statistically significant at P≤0.01.
Effects of heavy metals on photosynthetic pigment composition
All Cd treatments caused some degree of leaf chlorosis, decreasing the concentration per unit area of all major photosynthetic pigments (Fig. 5 ). Decreases were very marked and quite similar after treatment with the lowest concentration of CdCl 2 (10 µM) and with 10 and 50 µM Cd-EDTA. Decreases were 72-79% for neoxanthin, 63-70% for lutein, 49-52% for violaxanthin plus antheraxanthin plus zeaxanthin (V + A + Z) pigments, 65-80% for β-carotene, 74-81% for Chl a and 75-84% for Chl b.
Consequently, major increases occurred in the lutein/Chl (45-66%) and V + A + Z pigments/Chl (184-370%) ratios (not shown). The Chl a/b ratio increased in leaves of sugar beet plants treated with 10 µM CdCl 2 or Cd-EDTA, but not in those treated with 50 µM Cd-EDTA (Fig. 6) . Furthermore, these Cd treatments displaced the xanthophyll cycle towards the de-epoxidated forms A and Z (Fig. 6) .
With the highest concentration of CdCl 2 (50 µM), decreases in photosynthetic pigments were much less marked than for the other Cd treatments; 41% for neoxanthin, 36% for lutein, 40% for V + A + Z, 52% for β-carotene, 48% for Chl a and 42% for Chl b (Fig. 5) . The lutein/Chl and V + A + Z pigments/Chl ratios increased moderately over control values, although differences were not significant at P≤0.05 (not shown). The Chl a/b ratio decreased slightly, whereas the de-epoxidation state of the V + A + Z pigment pool did not change (Fig. 6) .
Leaves of sugar beet treated with 2 mM Pb showed no chlorosis, and in some cases had cracks and edges rolled towards the abaxial side. Pb had less effect than Cd on photosynthetic pigment concentrations, which were only marginally lower than controls (Fig. 5) . Furthermore, Pb did not affect other parameters such as the lutein/Chl and V + A + Z pigments/Chl ratios (not shown), de-epoxidation state of the V + A + Z pigment pool and Chl a/b ratios (Fig. 6 ). 
Effects of heavy metals on gas exchange
All Cd treatments reduced P N by 58-66% (Fig. 7) , with decreases in E [and g s (not shown)], whereas C i values increased only slightly (not shown). The only leaf gas exchange parameters affected significantly by Pb were P N (Fig. 7) and g s (not shown).
Effects of heavy metals on chlorophyll fluorescence parameters
Leaves of plants grown with the lowest concentration of CdCl 2 (10 µM) and with 10 and 50 µM Cd-EDTA showed marked decreases in the F v /F p (Fig. 8) and marked increases in (F pl -F o )/F v ratios (Fig. 8) , suggesting either an impaired potential PSII efficiency or an accumulation of electrons during the dark-adaptation period in the PSII acceptor side (Morales et al. 2000) . Indeed, using FR illumination (which preferentially excites PSI) increased F v /F p and decreased (F pl -F o )/F v (Fig. 8) . Upon illumination, leaves showed decreases in Φ PSII caused by decreases in Φ exc , since qP did not change significantly (Fig. 9) . NPQ increased between 6-and 9-fold in response to Cd (Fig. 9) . Leaves from 50 µM CdCl 2 -grown plants showed similar Chl fluorescence characteristics to those of controls, with only minor changes in F v /F p and (F pl -F o )/F v (Fig. 8) . Modulated fluorescence indicated that Φ PSII and Φ exc were less affected than following other Cd treatments (Fig. 9) . NPQ values were not significantly different to those of controls. (Figs 8-9 ). Modulated fluorescence parameters were unaffected by Pb. Finally, NPQ increased 2.6-fold in response to Pb, although the increase was not significant at P≤0.05 (Fig. 9) .
Discussion
Cd in the nutrient solution caused two different, step-wise deleterious effects in sugar beet. When using moderate Cd treatments (10 µM CdCl 2 and 10-50 µM Cd-EDTA) growth was depressed, but the most striking symptoms were typical of Fe deficiency. The second effect, found when using a strong Cd treatment (50 µM CdCl 2 ), was a marked reduction in growth, which reduced the need for Fe and therefore led to very mild Fe-deficiency symptoms. Pb, on the other hand, was much less harmful than Cd, since concentrations as high as 2 mM Pb-EDTA caused only minor effects on growth and physiological parameters.
Using moderate Cd treatments (10 µM CdCl 2 and 10-50 µM Cd-EDTA) produced Cd 2+ concentrations in the nutrient solution in the range 1-8 µM, and led to similar Cd concentrations in shoots (approximately 200-225 µg g -1 DW). Cd concentrations in fine absorption roots and main roots were approximately 900-1300 and 130-150 µg g -1 DW, respectively. These Cd treatments markedly decreased shoot growth and net photosynthesis, and decreased water content in shoots and fine roots. Physiological changes included decreases in major photosynthetic pigments, increases in ratios of protective carotenoids to Chls, de-epoxidation of xanthophyll cycle pigments, changes in Chl fluorescence parameters, and increases in root FC-R enzyme activity. All these symptoms are typical of Fe-deficient plants, and therefore could be accounted for by Fe deficiency, although a direct toxic effect of Cd on photosynthesis cannot be ruled out. Nutrient tissue concentrations changed with Cd, but none approached deficiency levels. N, P, Mg, K, Mn and Zn concentrations decreased in shoots and main roots, whereas Ca increased only in shoots. These Cd treatments, however, led to shoot Fe concentrations above the 55 µg g -1 DW value considered critical for sugar beet leaves, indicating that Cd did not affect Fe uptake from the nutrient solution or Fe transport to leaves in sugar beet. Therefore, Cd-induced Fe deficiency could be related to Fe inactivation in the leaf and/or impairment of Fe transport to the chloroplast.
Imposition of a strong Cd treatment (50 µM CdCl 2 ) resulted in a concentration of approximately 43 µM Cd 2+ in the nutrient solution, and shoot Cd concentrations of approximately 450 µg g -1 DW. Fine absorption roots and main roots had 1000 and 300 µg Cd g -1 DW, respectively. This Cd treatment caused major decreases in growth of fine roots and shoots, along with further decreases in tissue water content. Net photosynthesis was as low as that found at lower Cd concentrations, but chlorosis symptoms were much less marked. Other indicators of Fe deficiency, such as increases in the ratios of protective carotenoids to Chls, de-epoxidation of xanthophyll cycle pigments and changes in Chl fluorescence parameters, were much less marked than those found with the lower Cd treatments. Nutrient concentration changes were similar or even more pronounced than those found following treatment with lower Cd concentrations, although none of the elements measured reached deficient or toxic concentration values. The 4.1-fold increase in root FC-R, however, indicates that plants were still sensing Fe deficiency and trying to increase Fe acquisition from the medium.
Pb had very small effects on growth and physiological characteristics of sugar beet. Addition of 2 mM Pb-EDTA, equivalent to nutrient solution concentrations of approximately 1.99 mM Pb-EDTA 2-, resulted in tissue Pb concentrations of approximately 900, 500 and 200 µg g -1 DW in fine roots, shoots and main roots, respectively. These high Pb concentrations, however, led only to moderate reductions in fine root mass and marked increases in main root mass, whereas water content decreased only moderately in all plant parts. P, K, Zn and Cu transport were hampered to some extent by Pb. Pb caused only moderate decreases in leaf pigment concentrations, without affecting carotenoid/Chl ratios, de-epoxidation state of the V + A + Z pigment pool, Chl a/b ratios and gas exchange parameters. Root FC-R activities increased 2.3-fold, suggesting that plants were sensing Fe or Cu shortage. Although Pb did not change Fe concentrations in shoots and main roots, a 37% reduction in Fe concentration in fine roots was observed. The increased root FC-R activity in Pb-treated plants might arise from an incipient Cu deficiency, since shoot Cu concentrations in Pb-treated plants were 9-11 µg g -1 DW, which is close to the critical deficiency value for this species (2-8 µg g -1 DW; Welch 1995). Cu deficiency may induce increases in FC-R (Welch et al. 1993) .
Data presented here confirm that sugar beet is a heavy-metal accumulator species, and may have potential for bioremediation. Sugar beet was able to accumulate up to 450-500 and 200-300 µg metal g -1 DW in shoots and main roots, respectively. Sugar beet seedlings have been reported to accumulate 190 and 3600 µg Cd g -1 DW in shoots and roots, respectively (Greger and Lindberg 1986) , whereas in other species shoot Cd is in the range 2-50 µg g -1 DW (Mench et al. 1994; Smolders and McLaughlin 1996) . Some species have been reported to accumulate Pb in the shoot to concentrations of 5-1000 µg g -1 DW when Pb is in inorganic forms (Mench et al. 1994; Huang and Cunningham 1996; Robinson et al. 2000) , and to concentrations of 3000-11000 µg g -1 DW in the presence of EDTA (Huang and Cunningham 1996; Huang et al. 1997; Vassil et al. 1998) . Sugar beet plants took up 15-20% and 4% of the total nutrient solution Cd during treatment with 10 and 50 µM Cd, respectively, and less than 0.2% of the total nutrient solution Pb. The results obtained in this work possibly describe a near-optimal performance in metal removal by sugar beet. It is difficult to extrapolate and determine their significance for field conditions. We may speculate, however, that with a possible leaf dry mass production of 1.5 t ha -1 (usual values in a sugar beet commercial crop are approximately 3 t ha -1 ) and a possible leaf Cd or Pb concentration of at least 100-200 µg g -1 DW, metal removal would be approximately 150 and 300 g ha -1 for Cd and Pb, respectively. Even relatively small plants such as those used in the present work will remove in their shoots (40000 plants ha -1 ) approximately 20-35 and 100 g ha -1 of Cd and Pb, respectively.
Cd uptake is thought to occur through divalent ion transporters in the root plasma membrane, such as the Nramp (Thomine et al. 2000) and ZIP (Guerinot 2000) families. Our results indicate that in sugar beet grown with inorganic Cd, uptake was higher when high free-Cd concentrations were present in the nutrient solution, although the relationship was not linear. In other plant species, however, root and shoot Cd is linearly related to the concentration of free Cd in the nutrient solution (Petterson 1976) . Previous results indicating that EDTA, when present in the nutrient solution, is able to diminish Cd uptake (Hardyman and Jacoby 1984; Greger and Lindberg 1986) have been interpreted as an indication that Cd in the Cd-EDTA complex is not available to plants. Although it is obvious that EDTA is able to chelate Cd and reduce free Cd concentrations in nutrient solution, our results also indicate that similar shoot Cd concentrations are obtained with 10-50 µM Cd-EDTA (estimated free Cd concentration of 1-2 µM) and 10 µM CdCl 2 (estimated free Cd concentration of 8 µM). This suggests that Cd in the Cd-EDTA complex may still be directly available to plants, either by direct absorption of the complex or other processes. Little is known about Pb uptake mechanisms in plants, although in sugar beet massive Pb uptake did not interfere with uptake of any other nutrient. Transport mechanisms underlying long distance transport of Cd and Pb in plants are largely unknown. Our results indicate that sugar beet is able to transport 50-74% of the Cd and 83% of the Pb taken from the solution to the shoot. In other cases, most of the Cd absorbed by plants remains in the roots, suggesting low rates of metal transport (Hernández et al. 1998) . In sugar beet, shoot allocation was already high in the low Cd treatments (52-63% of total Cd) and was markedly increased (to 74% of total Cd) with 50 µM CdCl 2 , suggesting that some type of Cd exclusion mechanisms could be overruled at high Cd concentrations. Our results indicate that uptake and transport mechanisms of free and chelated Cd and Pb in plants are yet to be elucidated and deserve further investigation. 
